Recent advances in nanotechnology have yielded materials and structures that offer great potential for improving the sensitivity, selectivity, stability, and speed of next-generation chemical gas sensors. To fabricate practical devices, the "bottom-up" approach of producing nanoscale sensing elements must be integrated with the "top-down" methodology currently dominating microtechnology. In this letter, the authors illustrate this approach by coupling a single-crystal SnO 2 nanowire sensing element with a microhotplate gas sensor platform. The sensing results obtained using this prototype sensor demonstrate encouraging performance aspects including reduced operating temperature, reduced power consumption, good stability, and enhanced sensitivity. Chemical sensors have applications in many diverse sectors ͑e.g., environmental, automotive, medical, and homeland security͒. These applications require sensor technologies that are sensitive, selective, and broadly tunable. For general deployment, they must additionally be small, stable, robust, and cost effective. Miniaturized conductometric gas sensors developed at the National Institute of Standards and Technology ͑NIST͒ fulfill many of these requirements. While the development of fabrication technologies for microelectromechanical system ͑MEMS͒ devices have yielded a variety of small, low-powered sensors, further advances in materials development and integration are required before the benefits of nanostructured materials can be fully realized on these platforms. Nanotechnology could provide sensing materials capable of improving the sensitivity, selectivity, stability, and speed of sensor technology. One recent area of interest involves applying quasi-one-dimensional ͑1D͒ metal oxide ͑MOX͒ nanostructures ͑nanowires, nanotubes, nanobelts, etc.͒ as prospective gas sensing elements. [1] [2] [3] [4] [5] The nanostructures' generically high surface area to bulk volume ratio and the comparability of their radii and their Debye lengths allows rapid transduction of surface interactions into measurable conductance changes. Fine control over the crystallinity, faceting, morphology, composition, and doping level of these structures has been demonstrated. [6] [7] [8] [9] [10] In addition, the 1D morphology of nanowires offers structurally and compositionally well-defined conducting channels on the micrometer scale, making them more easily integrable into existing microfabrication technology.
Chemical sensors have applications in many diverse sectors ͑e.g., environmental, automotive, medical, and homeland security͒. These applications require sensor technologies that are sensitive, selective, and broadly tunable. For general deployment, they must additionally be small, stable, robust, and cost effective. Miniaturized conductometric gas sensors developed at the National Institute of Standards and Technology ͑NIST͒ fulfill many of these requirements. While the development of fabrication technologies for microelectromechanical system ͑MEMS͒ devices have yielded a variety of small, low-powered sensors, further advances in materials development and integration are required before the benefits of nanostructured materials can be fully realized on these platforms. Nanotechnology could provide sensing materials capable of improving the sensitivity, selectivity, stability, and speed of sensor technology. One recent area of interest involves applying quasi-one-dimensional ͑1D͒ metal oxide ͑MOX͒ nanostructures ͑nanowires, nanotubes, nanobelts, etc.͒ as prospective gas sensing elements. [1] [2] [3] [4] [5] The nanostructures' generically high surface area to bulk volume ratio and the comparability of their radii and their Debye lengths allows rapid transduction of surface interactions into measurable conductance changes. Fine control over the crystallinity, faceting, morphology, composition, and doping level of these structures has been demonstrated. [6] [7] [8] [9] [10] In addition, the 1D morphology of nanowires offers structurally and compositionally well-defined conducting channels on the micrometer scale, making them more easily integrable into existing microfabrication technology. 11, 12 Integrating quasi-1D nanomaterials with MEMS microhotplate platforms offers excellent prospects for advanced sensors. The hp device ͑Fig. 1, top͒ consists of a micromachined suspended SiO 2 membrane featuring an embedded polycrystalline silicon heater and top contact Pt electrodes. 13 The sensing materials ͑e.g., MOX thin films, [14] [15] [16] nanoparticles, 17 microshells, 18 or conductive polymers 19 ͒ are deposited on top of the electrodes. This device offers certain advantages: ͑i͒ due to the design, a single microchip can contain a large array of chemically and/or morphologically different sensing elements which can be operated independently; ͑ii͒ the low thermal inertia of this low-power sensor ͑approximately 22 mW is sufficient power to heat a single element to 500°C͒ allows the implementation of thermal schedules, programmable on the order of milliseconds. These features are particularly useful when the microchip is used as an "electronic nose," since response orthogonality can be achieved for individual elements possessing unique temperature programs and material coatings due to variations in surface processes. In this letter, we describe an advanced sensor device developed by integration of MOX nanowires with the hp platform. The SnO 2 nanowires were synthesized using the vapor-solid growth method of flowing Ar ͑99.998%͒, carrier gas containing trace O 2 over a crucible of the source material, SnO. The product was collected from the 800 to 900°C growth zones; its stoichiometry, morphology, and structure were studied using x-ray diffraction, scanning electron microscopy ͑SEM͒, and energy dispersive spectroscopy. 22 These studies confirmed the formation of rutile nanowire structures with an average diameter of approximately 100 nm. The individual nanowires were electrostatically picked up using a dielectric microfiber, then transferred to the hps, and oriented to make contact with two of the contact pads. Square Pt patches ͑approximately 1 ϫ 1 m 2 ͒ were deposited using a focused ion beam SEM ͑FIB-SEM͒ to ensure that the electrical contacts were Ohmic. The sensors were cleaned with UV-O 3 , then thermally activated by gradually heating ͑no faster than 14°C/min͒ to 300°C in zero-grade dry air for 30 min. This finished assembly functions as a "chemiresistor;" the conductance of the circuit completed by the nanowire is a function of its base conductance, its temperature, and the composition of the air with which it interacts. Under test conditions, the nanowire conductance was measured by applying a constant voltage across a circuit composed of the nanowire and a 1 ⍀M series resistor, then comparing the voltage drop measured in each element of the circuit; the voltage drop across the nanowire was generally less than 1 V.
The typical sensing performance ͑the test apparatus is described in detail elsewhere 23 ͒ of an individual nanowire sensor element when exposed to two reducing gases ͑NH 3 and CO͒ at concentrations of up to 100 mol/ mol ͑ppm͒ in dry air delivered at 1 standard L / min. is depicted in Fig.  2͑a͒ . As expected for the semiconducting nanowire, increasing temperature increases the baseline conductance exponentially. Similar to MOX thin film sensors, the response signals and response times ͓Fig. 2͑a͒, insets͔ for these two target gases improves with increasing temperature, confirming the thermal activation of the redox reaction occurring at the nanowire surface. The maximum response ͑⌬G / G 0 ͒ was achieved at approximately 260°C ͓Fig. 2͑b͒ circles͔; measurable responses occur at as low as 100°C. The response time constant decreases as the sensor temperature increases ͓Fig. 2͑b͒, squares͔, a consequence of the temperaturedependent interaction of the analyte with the oxide depletion layer.
The nanowire sensor sensitivity to NH 3 is approximately ten times greater than it is to CO. Such selectivity is a result of the lower efficiency of surface charge transfer during the CO oxidation reaction, as was observed previously for SnO 2 thin films and nanostructures. 24 Transduction mechanisms have been extensively elaborated in the literature. 25 As previously observed, the small thermal inertia of the hp allows not only prompt determination of the optimal temperature regime ͓Fig. 2͑b͔͒, but also makes possible the implementation of predesigned rapid temperature excursions to enhance selectivity. During these temperature-programed sensing ͑TPS͒ measurements, 21 the conductance response of the sensor is measured as a function of the programed temperature. Since the signal arising from adsorption/desorption, redox, and decomposition processes for any given analyte-sensor material pair are temperature dependent, such ramps can provide "fingerprints" for analyte identification. The feasibility of TPS for measuring CO using a SnO 2 nanowire sensor is depicted in Fig. 3 . The TPS response to 100 ppm of CO compared to background dry air shows a signal level increase and a shift of the signature's maximum to lower temperature. The repeatability of this analyte signature is apparent.
A further examination of the sensitivity and dynamic detection range of this nanowire sensor prototype was performed using NH 3 as the analyte ͑Fig. 4͒. The signal-to-noise ratio allows the detection of as low as 30 nmol/ mol ͓͑ppb͒ defined as parts per 10 9 ͔ of NH 3 in air. The conductance response ⌬G = G gas − G air follows a power law relationship with the analyte concentration C: ⌬G Ϸ C ␣ , with the exponent very close to 0.5 ͑Fig. 4, inset͒. This relation holds through an analyte concentration excursion spanning four orders of magnitude. According to a model developed previously, 25 three conclusions are implied: ͑i͒ that the approximation of the completely depletable conduction channel R Ϸ D ͑where R is the radius of the nanowire and D the Debye length of the material at the given temperature͒ can be applied to the nanowire, ͑ii͒ that singly charged O − is the FIG. 2 . ͑Color online͒ ͑a͒ Sensor responses to NH 3 ͑top curve, red͒ and CO ͑bottom curve, blue͒ at 100, 50, and 25 ppm sequential pulses in dry air measured at a series of temperatures from 60 to 300°C. The curves have the same background conductance but have been offset for clarity. A second excursion through the temperature cycle was completed to confirm signal repeatability. The inserts are "zoomed" isothermal regions to show the increase of the signal onset rates with temperature. ͑b͒ The temperature dependence of the sensor response to 100 ppm of NH 3 ͑red circles͒. Included ͑black squares͒ is the corresponding temperature dependence of the signal onset time constant. The optimal performance is achieved in the shaded region. predominant ionosorbed species that reacts with reducing gases, and ͑iii͒ since signal saturation did not occur, ͑NH 3 ͒ Ӷ ͑O − ͒ in the tested analyte concentration range. Furthermore, since the nanowire is a single-crystal conducting channel, the model can be readily applied, as opposed to the situation for conventional MOX nanoparticle films, where lesser-defined percolation between multiple nanocrystalline grains complicates the signal analysis.
In conclusion, the coupling of single-crystal nanowire sensing elements with hp sensing platforms demonstrates a prospective method of fabricating future chemical sensors with advanced sensitivity, stability, speed, and ͑potentially͒ selectivity. Due to the well-defined composition, crystallinity, and morphology of the sensing element, the performance of such conductometric sensors can be modeled more simply than polycrystalline devices ͑i.e., conventional sensing films͒, which is a considerable advantage compared to the phenomenological approach currently used to describe thin/ thick film MOX sensors. FIG. 3 . ͑Color͒ Temperature-programed sensing ͑TPS͒ measurements, where the blue triangular wave ͑top͒ is the temperature profile of the sensor in time, and the black circles and red squares show the nanowire conductance measurements upon exposure to dry air and 100 ppm CO, respectively. The distinct differences between the signal patterns can serve as a means of discrimination.
FIG. 4.
͑Color online͒ Conductance response to NH 3 pulses in air ͑100 ppm-100 nmol/ mol ͑ppb͒ step ͱ10/ 10 power law͒ measured at 300°C. In the inset, the conductance increase as a function of NH 3 concentration is shown ͑log-log scale͒. The solid line shows the data fit with a power law curve.
